NFIL3 (nuclear factor IL-3 regulated) is a multifunctional transcription factor implicated in a wide range of physiological processes, including cellular survival, circadian gene expression and natural killer cell development. We recently demonstrated that NFIL3 acts as a repressor of CREB-induced gene expression underlying the regeneration of axotomized DRG sensory neurons. In this study we performed chromatin immunoprecipitation assays combined with microarray technology (ChIP-chip) to reveal direct NFIL3 and CREB target genes in an in vitro cell model for regenerating DRG neurons. We identified 505 promoter regions bound by NFIL3 and 924 promoter regions bound by CREB. Based on promoter analysis of NFIL3-bound genes, we were able to redefine the NFIL3 consensus-binding motif. Histone H3 acetylation profiling and gene expression microarray analysis subsequently indicated that a large fraction (N 60%) of NFIL3 target genes were transcriptionally silent, whereas CREB target genes in general were transcriptionally active. Only a small subset of NFIL3 target genes also bound CREB. Computational analysis indicated that a substantial number of NFIL3 target genes share a C/EBP (CCAAT/Enhancer Binding Protein) DNA binding motif. ChIP analysis confirmed binding of C/EBPs to NFIL3 target genes, and knockdown of C/EBPα, C/EBPβ and C/EBPδ, but not C/ EBPγ, significantly reduced neurite outgrowth in vitro. Together, our findings show that NFIL3 is a general feed-forward repressor of basic leucine zipper transcription factors that control neurite outgrowth.
Introduction
The transcription factor (TF) NFIL3 (nuclear factor IL-3 regulated, also known as E4 binding protein 4 or E4BP4) was first found to bind and repress viral promoter sequences (Chen et al., 1995) , and was shortly thereafter identified as a positive regulator of the human IL-3 gene (Zhang et al., 1995) . Later studies described a diversity of roles for NFIL3, e.g. in IL-3-dependent survival of B-cells (Ikushima et al., 1997) , transcriptional control of the circadian clock (Mitsui et al., 2001) , survival of spinal cord motor neurons (Junghans et al., 2004) , and development of natural killer cells (Gascoyne et al., 2009; Kamizono et al., 2009) . NFIL3 thus seems to have acquired many different specialized functions in a broad range of physiological processes. This suggests that NFIL3 might act as a core component in diverse transcription regulatory networks.
NFIL3 is a member of the basic leucine zipper (bZIP) TF family. bZIP TFs share a basic domain, which interacts with the major groove of the DNA, and a leucine zipper domain, which is required for dimerization. On basis of DNA binding site preference, bZIP TFs fall in one of several classes, e.g., CREB/ATF, AP-1, C/EBP and PAR. NFIL3 is a member of the PAR bZIP TFs, which further includes HLF, DBP and TEF. The latter three TFs share a proline and acidic amino-acid rich (PAR) domain, which is located amino-terminally to the basic DNA-binding region and acts as a transactivation domain. NFIL3 however lacks this PAR transactivation domain and instead contains a C-terminal repression domain Hurst, 1994, 1996) . The NFIL3 repression domain has many charged residues and mutations of these residues result in complete loss of transcriptional repressor activity of an NFIL3-GAL4 fusion protein (Cowell and Hurst, 1994) . The NFIL3 repression domain interacts with the repressor protein Dr1 (Cowell and Hurst, 1996) , which in turn binds the TATA-box binding protein TBP and thereby precludes formation of the pre-initiation complex (Inostroza et al., 1992) . These data are consistent with a model in which NFIL3 represses target gene expression by interfering with the basal transcriptional machinery via Dr1. In contrast, NFIL3 also acts as a positive regulator of IL-3 gene expression in human T-cells (Zhang et al., 1995) , indicating that selective co-factor availability can play a role in determining the context-specific actions of NFIL3. It has also been suggested that NFIL3 can heterodimerize with other bZIP TFs to form context-specific transcriptional complexes Vinson et al., 2006) . Finally, in the circadian clock NFIL3 directly competes with activating PAR TFs for DNA binding (Mitsui et al., 2001) . Thus, the context-specific actions of NFIL3 can result from differential co-factor availability, selective heterodimerization or direct competition with activating TFs.
We recently described that NFIL3 represses neuronal regeneration-associated genes by competing with CREB for target gene binding (MacGillavry et al., 2009) . Peripheral axonal injury of sensory neurons in the dorsal root ganglion (DRG) results in activation of CREB and transcription of CREB-induced regeneration-associated genes. Paradoxically, NFIL3 expression was found to be upregulated by CREB, and shown to inhibit DRG neurite regeneration. We next showed that both CREB and NFIL3 bind to similar DNA binding sites in regenerationassociated genes and that upon stimulation of the cAMP/PKA pathway, CREB is activated and initiates a transcriptional response, which is subsequently repressed by NFIL3. We proposed that this socalled transcriptional incoherent feed-forward loop fine-tunes transcription of regeneration-associated genes. To further substantiate these findings, we now performed genome-wide identification of NFIL3 and CREB targets in an in vitro cell model for neuronal regeneration. We find that NFIL3 not only controls CREB target genes, but also represses genes that are activated by another family of bZIP TFs, the C/EBPs. Functional assays confirm that three C/EBP family members indeed promote neurite outgrowth. We thus identify NFIL3 as a general feed-forward repressor of bZIP TFs that control neuronal outgrowth.
Results

Genome-wide identification of NFIL3-bound gene promoters in neuronal cells
We used ChIP-chip analysis to identify direct target genes of NFIL3 in the DRG-like F11 cell line. We used F11 cells rather than DRG neurons because immunoprecipitation of endogenous NFIL3 from DRG tissue is inefficient using currently available antibodies. F11 cells on the other hand offer several advantages. Neuronal differentiation and neurite outgrowth of F11 cells can be robustly induced by treatment with forskolin, which induces intracellular cAMP levels, or with db-cAMP, a membrane permeable analogue of cAMP (Ghil et al., 2000) . Moreover, F11 cells allow overexpression of tagged NFIL3 for efficient immunoprecipitation. Differentiated F11 cells share many characteristics with DRG neurons (Boland and Dingledine, 1990; Francel et al., 1987; Platika et al., 1985) . Also, we previously showed that the CREB/NFIL3 transcriptional feed-forward loop that we described in regenerating DRG neurons is also regulating neurite outgrowth and growth-associated gene expression in F11 cells (MacGillavry et al., 2009) . ChIP-chip analysis was performed on forskolin-stimulated F11 cells that were transfected with a Flagtagged NFIL3 (Flag ChIP-chip), and untransfected, forskolin-stimulated cells were used as a negative control (background ChIP-chip). Chromatin was isolated 2 h after forskolin stimulation, immunoprecipitated with an anti-Flag antibody and hybridized to custom Agilent promoter arrays (see Materials and Methods for detailed information on array coverage). Raw probe intensities were background subtracted and normalized. To further reduce noise in the signal, and to test for significance of binding, we used a 500 bp sliding window mean ratio centered on all probe locations (Fig. 1) . Within each window we calculated a p-value by directly comparing the Flag ChIPchip and background ChIP-chip signals (usually three or four per window). Binding peaks were defined as regions where three or more adjacent sliding window mean ratios showed significant higher binding in the Flag ChIP-chip than in the background ChIP-chip (p b 0.01). Using this method, 526 significant peaks were identified, corresponding to 505 unique promoter regions ( Fig. 2A and Table S1 ).
To validate the ChIP-chip results, we randomly picked 18 regions and measured enrichment using quantitative PCR (qPCR), comparing the enrichment of promoter regions in the NFIL3-transfected ChIP sample versus the background ChIP sample. We thus confirmed NFIL3 binding at 16 of the 18 promoter regions (Fig. 2B) . Enrichments found by qPCR correlated well with ChIP-chip measurements (Pearson r = 0.66, p b 0.01; Fig. 2C ). Importantly, negative ChIP-chip regions (i.e., the Dapk3 and Pick1 promoters) did not show enrichment as measured by qPCR. To further validate these results, we also performed ChIP on forskolin-stimulated F11 cells using an antibody (C-D) Raw log2 probe ratios were averaged using a sliding window of 500 bp. This resulted in sliding window mean probe ratios that were directly compared between the Flag-NFIL3 and control ChIP-chips and tested for significance. NFIL3-bound regions were defined as genomic regions containing at least three adjacent significant (p b 0.01) sliding window ratios. against endogenous NFIL3. As shown in Fig. 2D , we found significant enrichment of endogenous NFIL3 at 8 randomly chosen regions that were also identified in the ChIP-chip analysis, and not at the negative control Actb promoter. Together these results confirm that most NFIL3-bound DNA regions identified by ChIP-chip analysis represent true NFIL3 target genes.
De novo motif analysis identifies a novel NFIL3 binding site
The NFIL3 consensus binding site annotated in the JASPAR database (MA0025; Fig. 3A ) is based on artificial in vitro binding assays (Cowell et al., 1992) . Therefore we used MDScan (Liu et al., 2002) to search in our 16 validated NFIL3-bound sequences for a DNA motif that could mediate the in vivo NFIL3-DNA interaction. The resulting consensus sequence is depicted as a sequence logo that indicates the observed nucleotide frequency for each position in the alignment (Fig. 3B ). This sequence shows some similarity with the known NFIL3 consensus motif, however, the core sequence ([T/C]G) differs from the de novo identified motif core sequence (G[C/T]). If we scan the 200 most significant ChIP-chip peak regions, we find that this new motif is present in 90% of the identified regions, whereas the JASPAR motif is present in only 40% (Fig. 3C) . Using a Fisher's exact test, the new motif is significantly overrepresented in the ChIP-chip data set (p = 2.9 × 10 − 9
) compared with a random background set of genomic DNA sequences, whereas the JASPAR motif is not (p = 0.54). These results indicate that this newly discovered motif better represents NFIL3 binding sites than the previously reported in vitro binding site, and that it can better predict in vivo NFIL3 binding.
NFIL3 predominantly occupies promoters of transcriptionally silent genes
We next performed ChIP-chip analysis using antibodies recognizing endogenous CREB in its activated form (Ser-133 phosphorylated CREB; pCREB), and histone H3 acetylated at K9 and K14 (H3Ac), a well-established histone mark for open chromatin structure associated with active transcription (Bernstein et al., 2005) . We identified 924 regions bound by pCREB and 3138 regions showing H3 K9/14 acetylation ( Fig. 4A and Table S1 ). Of the 505 promoter regions bound by NFIL3, b40% (171 regions) also show H3 acetylation. This indicates that NFIL3 occupies many promoter regions that are transcriptionally inactive, which confirms the role of NFIL3 as a transcriptional repressor. In contrast, of the 924 promoter regions that bind pCREB, N90% (844 regions) also show H3 acetylation, indicating that pCREB primarily binds to transcriptionally active genes. Only 46 gene promoters were identified that bind both NFIL3 and pCREB and may thus represent common targets of a CREB-NFIL3 feed-forward loop (MacGillavry et al., 2009). We next wanted to correlate NFIL3 and pCREB enrichment with cAMP-induced gene expression changes. F11 cells were stimulated with forskolin for 0, 2, 4, 24 and 48 h, and total RNA was isolated, processed and hybridized to rat whole-genome gene expression arrays (Table S2) . We compared the average signal intensity values of genes (2 h after forskolin stimulation) whose promoters were found enriched for NFIL3, pCREB or H3Ac. The mean expression level of genes that show enrichment for pCREB are not significantly different from the H3Ac enriched gene expression levels (p = 0.13), but both are significantly higher than the overall mRNA expression levels in F11 cells 2 h after forskolin stimulation (p b 2 × 10 − 16 for both; ), and much lower compared with H3Ac enriched or pCREB enriched regions (p = 3 × 10 − 12 and p = 2 × 10 − 11 respectively). These results are consistent with the previous observation that NFIL3 predominantly occupies histone H3 hypo-acetylated, transcriptionally silent promoters, whereas pCREB predominantly occupies histone H3 acetylated, active gene promoters.
NFIL3 target genes are enriched for C/EBP binding sites
The number of target genes co-occupied by both NFIL3 and pCREB in forskolin-stimulated F11 cells is relatively low (i.e., 46; see Fig. 4A ), suggesting that NFIL3 target genes may be activated by other TFs than CREB. To identify potential activators of NFIL3-repressed genes, we used log-linear modeling to predict significantly overrepresented TF binding sites (TFBSs) in genes that (i) are bound by NFIL3 and (ii) share the same gene ontology (GO) annotation.
The 526 regions found in the NFIL3 ChIP-chip experiment map to 470 unique Entrez Gene IDs that were used as input for TFBS overrepresentation analysis. In total we identified 137 overrepresented TFBSs in combination with 9 GO terms (q b 0.1). The top 15 TFBSs together with their associated GO terms are depicted in Fig. 5A . Among these most significantly overrepresented TFBSs in NFIL3-bound genes are three C/EBP (CCAAT/Enhancer binding protein) motifs that are associated with genes that regulate either transcription or development and differentiation. Of the 470 NFIL3 target genes, 125 genes (26.6%) contain one or more of these C/EBP motifs (Table S3) . Interestingly, our pCREB ChIP-chip data indicated that CREB binds the promoters of Cebpa and Cebpb (Fig. 5B) , and our microarray data showed that Cebpa, Cebpb and Cebpd are expressed in forskolin-stimulated F11 cells, and that Cebpb expression levels in particular are strongly induced by forskolin (Fig. 5C ). Together, these results strongly suggest that NFIL3 and C/EBP TFs co-regulate target genes in forskolin-stimulated F11 cells.
To confirm these findings, we next performed ChIP analysis of predicted C/EBP target genes using antibodies against C/EBPα, C/EBPβ and C/EBPδ. All six predicted C/EBP target genes that we tested (i.e., Creb3l2, Mtl5, Itga7, Bid, Snip1 and Syn1) showed enrichment of C/EBP binding in forskolin-stimulated F11 cell chromatin samples (Fig. 5D ). In addition, several NFIL3 target genes that were identified by ChIPchip, but for which no C/EBP binding sites were predicted, also showed enrichment of C/EBP binding (e.g., Fmr1 and Drd4), suggesting that not all C/EBP targets were correctly inferred. Strong binding of C/EBPα and C/EBPβ was observed to two previously identified neuronal C/EBP target genes (i.e. App and Oprl1) (Kfoury and Kapatos, 2009 ). Overall, strongest binding was observed for C/EBPα and C/ EBPβ, whereas C/EBPδ showed binding to less target genes. 
C/EBPα, -β and -δ control forskolin-induced neurite outgrowth in F11 cells
To determine whether C/EBP TFs indeed regulate forskolin-induced neurite outgrowth in F11 cells, we knocked-down expression of the C/EBPα, -β, -δ and -γ isoforms and measured the effect on neurite length two days later. Knockdown of C/EBPα, -β and -δ all significantly reduced forskolin-induced neurite outgrowth (Fig. 6 ). NFIL3 and ATF3 were knocked down as positive controls for induction and repression of neurite outgrowth, respectively (MacGillavry et al., 2009) , and C/EBPγ was knocked down as an additional negative control.
Discussion
This study provides the first genome-wide identification of NFIL3 target genes in neurons using a combined approach of ChIP-chip and microarray gene expression analysis. We identified 526 genomic NFIL3 binding sites, corresponding to 470 unique, known protein-coding genes. On the basis of these in vivo NFIL3 binding sites we redefined the NFIL3 consensus DNA binding-site. Finally, we showed that NFIL3-bound genes are enriched in C/EBP binding sites, and that NFIL3 and C/ EBP TFs jointly regulate neurite outgrowth-associated gene expression.
We previously showed that NFIL3 and pCREB bind to similar promoter elements (MacGillavry et al., 2009), and we thus expected to find a significant overlap between pCREB and NFIL3 occupied promoter regions. Although we find 46 promoters bound by both pCREB and NFIL3, most NFIL3-bound promoters (N90%) do not show pCREB binding in our ChIP-chip experiments. One possible explanation for this is that binding events are missed because they are below the significance threshold. For instance, we previously showed with qPCR that the Arg1 promoter is bound by both NFIL3 and pCREB (MacGillavry et al., 2009 ). Using ChIP-chip analysis we only detect significant NFIL3 binding to the Arg1 promoter; pCREB binding is detected above background with significant p-values, but does not reach the false-discovery (q-value) significance threshold.
Alternatively, our results might also indicate that NFIL3-repressed genes are predominantly co-regulated by other transcriptional activators than CREB. Indeed we find evidence that NFIL3 binds to potential C/EBP target genes. Computational analysis showed that three different C/EBP binding sites are overrepresented in NFIL3-bound genes, and subsequent ChIP analysis demonstrated that predicted C/EBP target genes indeed bind C/EBP TFs, in particular C/ EBPα and C/EBPβ. Like NFIL3 and CREB, C/EBPs are members of the bZIP family of TFs. The C/EBP family includes six known members: C/ EBPα, β, δ, ε, γ and ζ, and all (except C/EBPζ) recognize the same binding site (Falvey et al., 1996; Osada et al., 1996) . C/EBPα, -β and -δ in particular are abundantly expressed in the nervous system and are upregulated in response to growth factor signaling and axonal injury (Kfoury and Kapatos, 2009; Nadeau et al., 2005; Sterneck and Johnson, 1998; Yukawa et al., 1998) . Also, C/EBP TFs promote differentiation and neurite outgrowth in vitro (Cortes-Canteli et al., 2002) . Interestingly, we find pCREB binding at the Cebpa and Cebpb promoters, and Cebpb gene expression is strongly induced in forskolin-stimulated F11 cells. These findings are consistent with earlier reports showing that C/EBPs are downstream targets of CREB (Impey et al., 2004) . Finally, we show that C/EBPα, -β and -δ are involved in regulating forskolininduced neurite outgrowth in F11 cells. Together, our findings suggest a model in which activated CREB induces expression of C/EBPs and of NFIL3, and in which NFIL3 subsequently serves as a general feedforward repressor of both CREB and C/EBP target genes (Fig. 7) .
We find that many NFIL3-bound genes are histone H3 hypoacetylated, and that their overall expression levels are just above background. This suggests that NFIL3 may also serve to keep genes in a repressed, transcriptionally silent state under basal conditions. Such a mechanism could potentially enhance the response time of target genes upon physiological stimulation. In unstimulated conditions, NFIL3-bound promoters are transcriptionally repressed rather than transcriptionally silent, allowing basal transcription to occur. As a result, stimulus-activated bZIP TFs such as CREB and C/EBP, which may bind to the same promoters, either or not in direct competition with NFIL3, will then be able to quickly turn on transcription. Indeed, modeling and experimental studies showed that higher responsiveness is a general feature of target genes that are bound by feedforward repressors (Kaplan et al., 2008; Mangan et al., 2006) . On the other hand, one third (34%) of NFIL3-bound genes have active, H3-acetylated promoter regions. Repression by NFIL3 on these genes may be limited due to a strong or constitutive activation by other transcription factors. Alternatively, the acetylation status of these genes might change as a consequence of NFIL3 binding, and these promoters might become less acetylated later in time.
Our data suggest that NFIL3 acts as a general repressor of bZIP TFactivated regeneration-associated genes. Indeed, NFIL3-bound genes identified in this study also have lower expression levels than histone H3 acetylated or pCREB-bound genes in a gene expression dataset generated in injured DRG neurons in vivo (MacGillavry et al., GEO accession GSE21007). These findings add to the growing notion that neurons express intrinsic repressors of regeneration-associated genes and that this is a major factor that can limit regeneration after injury (Sun and He, 2010) . For instance, the negative regulator of cytokine signaling SOCS3 (signal transducer of cytokine signaling-3) is upregulated in regenerating DRG neurons, but represses neurite outgrowth (Miao et al., 2006) . Moreover, the regeneration-promoting effects of cAMP on injured retinal ganglion cells are probably mediated by a downregulation of SOCS3 , and genetic deletion of SOCS3 promotes optic nerve regeneration (Smith et al., 2009 ). Furthermore, PTEN, TSC1 and KLF4 have been recently identified as neuron-intrinsic negative regulators of CNS regeneration Moore et al., 2009; Park et al., 2008; Sun and He, 2010) . Targeting such intrinsic repressors of neuronal regeneration might prove to be a novel strategy to promote regeneration in the damaged nervous system.
Experimental methods
Plasmid and antibodies
The Flag-Myc double-tagged NFIL3 expression construct was generated by inserting a Flag-Myc sequence in the pcDNA3.1-NFIL3 expression plasmid described in MacGillavry et al. (2009) using QuickChange mutagenesis. Mouse monoclonal anti-Flag-M2 was obtained from Sigma-Aldrich (St. Louis, MO). Rabbit anti-acetyl (K9 and K14) histone H3 was obtained from Millipore (Billerica, MA). Rabbit anti-phospho-CREB was obtained from Cell Signaling (Danvers, MA). Goat anti-E4BP4, rabbit anti-C/EBPα, rabbit anti-C/EBPβ and rabbit anti-C/EBPδ were obtained from Santa Cruz Biotechnology (Santa Cruz, CA).
Cell culture F11 cells were maintained in Dulbeco's Modified Eagle Medium (DMEM; Gibco) supplemented with 10% fetal calf serum and 100 U/ ml penicillin and 100 U/ml streptomycin. Cells were grown at 37°C and 5% CO 2 .
ChIP-chip: array design
Custom rat promoter arrays were designed using Agilent eArray software. The chromosomal locations of the transcription start sites (TSS) of 10,123 RefSeq genes, 8,189 Known Genes and 178 miRNA entries were extracted from the UCSC Genome Browser (Rattus norvegicus, June 2003 assembly) Havlak et al., 2004; Karolchik et al., 2003) . Based on these locations, 60-mer oligonucleotide DNA probes were selected within a span of 8.5 kb upand 2.5 kb downstream relative to the TSS. This resulted in a total of 725,098 probes distributed over three 244 K arrays.
ChIP-chip: chromatin immunoprecipitation
F11 cells (1 × 10 8 for one ChIP-chip) were grown in five 15 cm culture plates. For NFIL3 ChIP-chip assays, cells were transiently transfected with a Flag-Myc-NFIL3 overexpression construct using the polyethyleneimine (PEI) transfection method. F11 cells were serum starved for 3 h and stimulated with 10 μM forskolin for 2 h. Next, chromatin complexes were cross-linked by adding 37% formaldehyde to a final concentration of 1% for 10 min at room temperature. Formaldehyde cross-linking was quenched with 125 mM glycine for 5 min. Cells were washed with cold PBS and lysed with SDS lysis buffer (1% SDS, 20 mM EDTA, 20 mM Tris-HCl; pH 8.0), supplemented with protease inhibitor cocktail. Cross-linked chromatin was sheared with 4 pulses of 30 s on ice water and a 30 s rest interval on ice. This consistently yielded DNA fragments of 200-600 bp in length. Chromatin samples were diluted 5-10 times with dilution buffer (1% Triton X-100, 2 mM EDTA, 150 mM NaCl, 20 mM Tris-HCl; pH 8.0). Immunoprecipitation was performed with rabbit anti-acetyl histone H3, mouse anti-Flag-M2, rabbit anti-phospho-CREB, goat anti-E4BP4, rabbit anti-C/EBPα, rabbit anti-C/EBPβ or rabbit anti-C/EBPδ overnight with gentle rotation at 4°C. Immuno-complexes were then captured with 50 μl protein A/G beads (Santa Cruz Biotechnology) by rotation at 4°C for 2 h. Complexes were washed once with low-salt buffer (0.1% SDS, 1% Trition X-100, 2 mM EDTA, 150 mM NaCl in 20 mM Tris-HCl; ph 8.0), once with high-salt buffer (0.1% SDS, 1% Triton X-100, 2 mM EDTA, 500 mM NaCl in 20 mM Tris HCl; pH 8.0), twice with LiCl buffer (1 mM EDTA, 250 mM LiCl, 1% deoxycholate, 1% NP-40 in 20 mM Tris-HCl; pH 8.0) and three times with TE buffer (1 mM EDTA, 10 mM Tris-HCl; pH 8.0), and were then eluted with 400 μl elution buffer (1% SDS, 100 mM NaHCO 3 ). Input and immunoprecipitated chromatin samples were reverse cross-linked by shaking overnight at 65°C in the presence of proteinase K. DNA was subsequently purified using one phenol/chloroform/isoamyl-alcohol extraction and one chloroform/isoamyl-alcohol extraction, followed by ethanol precipitation.
ChIP-chip: DNA amplification and hybridization
Purified DNA fragments were blunted with T4 DNA polymerase (New England Biolabs) for 20 min at 12°C, and linkers were ligated using T4 ligase (Fermentas) overnight at 16°C. Fragments were then amplified using two rounds of PCR amplification. Amplified DNA samples were labelled with Cy3-dUTP (input samples) or Cy5-dUTP (IP samples) and purified using the CGH Bioprime random primer labelling and purification kit (Invitrogen). Labelled samples were combined and hybridized to custom Agilent ChIP-onzchip arrays for 40 h at 65°C, washed according to the Agilent aCGH array wash protocol and scanned using an Agilent scanner (Agilent Technologies).
ChIP-chip: data extraction, data normalization and peak detection Extracted data were processed under R using the Bioconductor packages 'limma' (Linear Models for Microarray Data) and 'ringo' (R Investigation of ChIP-chip Oligoarrays). Raw probe intensities were background corrected and loess normalized. Resulting log2 probe ratios were averaged using a sliding window of 500 bp, which usually contained three to four probes. For the analysis of the NFIL3 ChIP-chip data a one-sided t-test statistic was computed for each probe location by comparing the sliding window average of the Flag ChIP-chip with the sliding window average of the mock ChIP-chip. Genomic regions containing three adjacent probes with a p-value b 0.01 were collapsed and defined as a bound region.
The pCREB and H3Ac ChIP-chip data were analyzed using the symmetric null-distribution method (Gibbons et al., 2005; Li et al., 2008) . Assuming that negative ChIP-chip values are symmetrically distributed around the mean, the null distribution can be estimated from those values that are smaller than the mode of all observed ChIPchip ratios. From this distribution, p-values are then estimated and corrected for multiple testing using the Storey method (Storey and Tibshirani, 2003) . Regions containing three or more probes with a qvalue b 0.1 were defined as a bound region. Bound regions were annotated to the TSS that is located closest to the center of the bound region based on the UCSC Genome Browser annotation (Rattus norvegicus, June 2003 assembly, rn3).
Quantitative analysis of ChIP samples
Quantitative PCR was performed using site-specific primers (Table  S4) in duplicate on the ABI 7900HT detection system (Applied Biosystems) with the 2x SYBR green ready reaction mix (Applied Biosystems). Normalized enrichment values were calculated by subtracting the Ct value of the IP sample from the Ct value of the control IP samples, each normalized to the input sample. Regions with a log2 enrichment value N1 were considered as true targets. Specificity of the primers was controlled by inspection of dissociation curves.
De novo motif finding DNA sequences (300 bp on average) from 16 validated NFIL3-bound regions were extracted and searched for motifs that might represent protein-DNA interaction sites using the motif discovery scan program (MDScan; http://ai.stanford.edu/~xsliu/MDscan/) (Liu et al., 2002) . Default settings were used to identify an 8-bp DNA sequence motif. The top-scoring motif is represented as a DNA consensus sequence logo generated by the online WebLogo tool (http://weblogo.berkeley.edu/) (Crooks et al., 2004) . The 200 topscoring CHIP-chip DNA sequences were scanned for the presence of motifs using the Possum cis-element detection program (http://zlab. bu.edu/~mfrith/possum/) (Fu et al., 2004) . The background set consisted of 200 random genomic sequences of equal lengths. Overrepresentation was analyzed using a two-sided Fisher's exact test.
Microarray gene expression analysis F11 cells were incubated in low-serum medium (DMEM with 0.5% FCS and antibiotics) for 3 h and then stimulated with 10 μM forskolin for 0, 2, 4, 24 and 48 h. Total RNA was isolated using Trizol reagent (Invitrogen). RNA samples were amplified, labelled and hybridized to Agilent 4x44K Rat Whole-Genome expression arrays using standard Agilent protocols. Arrays were scanned using an Agilent scanner and data were read using Agilent Feature Extraction software. Array data were further processed using the R packages 'bioconductor' (Gentleman et al., 2004) and 'limma' (Ritchie et al., 2007) for Edward's background subtraction and loess normalization.
RNA interference
F11 cells were cultured in 96-well plates and transfected with Dharmacon siGENOME siRNA SMARTpools (Table S5) as previously described (MacGillavry et al., 2009) . Three negative controls were included: siGLO RISC-free siRNA, siControl non-targeting siRNA pool, and transfection without siRNA. Outgrowth was induced 4 h after transfection by replacing the medium with DMEM containing 0.5% FCS and 10 μM forskolin. After 2 days cells were fixed and stained. Neurite outgrowth was quantified using a Cellomics ArrayScan HCS Reader and the Neuronal Profiling 3.5 bioapplication (Thermo Scientific). Per well, 100-500 cells were analyzed and both the neurite total length per cell and the fraction of cells with an average neurite length of N5 μm were calculated. Statistical significance was determined using one-way ANOVA followed by a Dunnett's posthoc test.
Supplementary materials related to this article can be found online at doi:10.1016/j.mcn.2010.11.011.
